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DIGITAL POTENTIOMETER INCLUDING PLURAL BULK IMPEDANCE DEVICES 
Gelu Voicu, Radu H. lacob, and Otilia Neagoe 

BACKGROUND 

a. Technical Field 

[0001] The present invention is in the field of digital potentiometers. 

b. Discussion of the Related Art 

[0002] Digital potentiometers are electronic circuits that can provide a variable impedance as a 
result of processing a digital sequence. A digital potentiometer has a fixed-value impedance 
connected between two reference terminals. This impedance is provided by a string of impedance 
devices that can be selectively connected to a third terminal, called the wiper terminal herein, 
through electronic switches controlled by digital signals. Digital potentiometers can be used in 
digital to analog converters, and as replacements for mechanical potentiometers and rheostats. 
[0003] The fineness of adjustment, resolution, or "granularity" of a digital potentiometer is 
typically determined by the number of digital bits used for the selection of the desired wiper 
position. For instance, an eight bit wiper address allows for 2^ (i.e., 256) different wiper 
impedance selections, i.e., wiper positions, A disadvantage of finer adjustment granularity (more 
digital bits) is a rapid increase in the number of components (e.g., resistors, switches, decoding 
gates and other logic devices) required for implementation. The increase in the number of 
components typically results in larger and more expensive devices. 

[0004] FIG. 1 is a schematic diagram of a digital potentiometer 100 that operates on the voltage- 
scaling principle. A resistor string including series-connected resistors Ro, Ri, . . . Ra^a is 
connected between a high reference voltage (Vref+) terminal 102 and a low reference voltage 
(Vref.) terminal 104. The voltage drop across one of the resistors is equal to one least significant 
bit (LSB) of output voltage Vw change. The output analog signal Vw is collected on wiper 
terminal 106. 

[0005] The wiper position is set by a switch decoding network, illustrated by decoder 108 and 
wiper switches So, Si, . . . 82".!. The wiper switches are typically implemented as one or more 
transistors. Decoder 108 receives input signals on line 1 10 and controls the operation of the wiper 
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switches. The wiper switches tap different points in the resistor string, so that closing a particular 
wiper switch while leaving the other wiper switches open provides a unique ratio between the 
resistance values of the two resistor sub-chains connected to wiper terminal 106 via the closed 
wiper switch. 

[0006] As mentioned, one disadvantage of this type of digital potentiometer is the relatively large 
number of components required. In particular, for n-bit resolution, digital potentiometer 100 
requires 2"-l resistors and 2" wiper switches. For example, in an eight bit implementation where 
digital potentiometer 100 includes 256 wiper positions, this approach would use 255 resistors and 
256 wiper switches. In general, it is desirable to significantly reduce this large nximber of 
components for purposes of area savings, higher manufacturing yields, and lower costs. It is also 
desirable to reduce the number of transistor junctions connected at the terminals of each resistor 
element of the string of resistors. The parasitic electrical capacitance of each transistor junction 
used for the implementation of the analog switches between individual resistors adds to the 
distributed capacitance of the string of resistors and, thus, affects the AC frequency performance 
of the string of impedances. These transistors may also have leakage currents increasing with 
temperature, causing a temperature dependent variation of the current through the resistors greater 
than the variation of current expected due to the temperature coefficient of the resistors of the 
resistor string. 
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SUMMARY 



[0007] The present invention includes a digital potentiometer that may be implemented using 
significantly fewer impedance devices and wiper switches than are used in conventional digital 
potentiometer 100 of FIG. 1, while providing the same resolution, i.e., same number of wiper 
positions. 

[0008] A first embodiment of the invention includes an n-bit digital potentiometer having a range 
of 2" wiper positions. A string of 2""^-l elemental impedance devices is disposed between a first 
reference teraiinal and a second reference terminal. A set of 2""^ wiper switches is provided to tap 
the string of elemental impedance devices, with only one of the wiper switches being turned on at 
the completion of any given switching sequence. A bulk impedance device having an impedance 
value that is 2"*^ times that of one of the elemental impedance devices i.e., one elemental 
impedance value greater than the impedance of the first string, is selectively coupled between the 
impedance device string and either the first reference terminal or the second reference terminal, 
depending on whether an input wiper address is in the lower half or the upper half of the 2" wiper 
address range of the digital potentiometer. Through use of the bulk impedance device, the digital 
potentiometer provides a range of 2" wiper address, but requires only 2""^-l elemental impedance 
devices, 2"'^ wiper switches, one bulk impedance device having an impedance of 2""^ times one of 
the elemental impedance devices, and two switching devices to change the coupling of the bulk 
impedance device back and forth between the first and second reference terminals. This amounts 
to a significant reduction, approximately 50%, in the number of impedance devices and switches 
in comparison to the conventional digital potentiometer of FIG. 1. 

[0009] A second embodiment of the present invention includes an n-bit digital potentiometer that 
likewise includes a string of 2"'^-l elemental impedance devices and a set of 2""' wiper switches. 
However, instead of having only one bulk impedance device, as with the first embodiment, the 
second embodiment includes a pair of same-impedance bulk impedance devices disposed between 
the first and second reference terminals with the string of elemental impedance devices. Each of 
the two bulk impedance devices has an impedance value that is 2""^ times that of one of the 
elemental impedance devices. One of the bulk impedance devices of the pair is coupled between a 
first end of the elemental impedance device string and the first reference terminal, and the other 
bulk impedance device of the pair is coupled between an opposite second end of the elemental 
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impedance device string and the second reference terminal. Two switching devices also are 
provided, one in parallel with each of the bulk impedance devices. The switching devices are 
operated in a complementary fashion, so that one of the two switching devices is on and the other 
is off at the completion of a switching sequence. In particular, when an input n-bit wiper address 
is in the lower half of the wiper address range, the bulk impedance device coupled to the first 
reference terminal is bypassed by its associated switching device, and the bulk impedance device 
coupled to the second reference terminal is not bypassed. On the other hand, when the input wiper 
address is at the middle of the wiper address range or higher, the bulk impedance device coupled 
to the second reference terminal is bypassed by its associated switching device, and the bulk 
impedance device coupled to the first reference terminal not bypassed. Through use of the bulk 
impedance devices, the digital potentiometer provides a range of T wiper address, but requires 
only 2""^-l elemental impedance devices, 2"'^ wiper switches, two bulk impedance devices each 
having an impedance of 2"** times one of the elemental impedance devices, and two switching 
devices to bypass the bulk impedance devices in a complementary fashion. This amounts to a 
significant reduction, approximately 50%, in the number of impedance devices and switches in 
comparison to the conventional digital potentiometer 100 of FIG. 1. 
[0010] A third exemplary embodiment of the present invention includes an n-bit digital 
potentiometer having some features similar to the second embodiment described above, including 
a string of elemental impedance devices coupled between two shunted bulk impedance devices. 
One of the bulk impedance devices is coupled to the first reference terminal and the other of the 
bulk impedance devices is coupled to the second reference terminal, and the string of elemental 
impedance devices is coupled between the two bulk impedance devices. In addition, however, the 
third embodiment includes two mirror-image strings of shunted intermediate impedance devices. 
The two strings are coupled with the string of elemental impedance devices and the two bulk 
impedance devices between the first and second reference terminals. One of the two strings is 
disposed between a first end of the elemental impedance device string and a first one of the two 
bulk impedance devices, and the other of the two strings is disposed between an opposite second 
end of the elemental impedance device string and the other of the two bulk impedance devices. 
The impedance devices of the two strings are each intermediate in impedance between the 
impedance of the string of elemental impedance devices and the impedance of one of the bulk 
impedance devices. For instance, the intermediate impedance devices each may have an 
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impedance 2^"^^^ times the impedance of one of the elemental impedance devices, [n/2] being the 
integer part of n/2, whereas the bulk impedance devices each may have an impedance of 2*^'* times 
the impedance of one of the elemental impedance devices. Each of the two strings also includes 
an additional building block, called a dummy structure herein, that is disposed between the first 
intermediate-impedance impedance device of the string and the adjacent bulk impedance device. 
The dummy structures are identical, and include an impedance device shunted with a permanently- 
on switch. Accordingly, the impedance range of the digital potentiometer of the third embodiment 
is divided into three ranges: (1) a first impedance range implemented by the two bulk impedance 
devices, which are bypassed or not bypassed in a complementary fashion; (2) a second impedance 
range implemented by the two strings of shunted intermediate-size impedance devices and the 
associated dummy structures, wherein the intermediate impedance devices of the two strings are 
bypassed or not bypassed so as to maintain a constant subset of the intermediate impedance 
devices with the other impedance devices between the first and second reference terminals; and (3) 
a third impedance range implemented by the string of elemental impedance devices, which is 
tapped via a single-tumed-on one of the wiper switches. The two dummy structures help to 
improve linearity when switching the wiper between adjacent ranges. The third embodiment 
results in a significant savings in the number of components required to implement the same wiper 
address range as the conventional digital potentiometer 100 of FIG. 1 (e.g., approximately 80% for 
an 8-bit digital potentiometer). Rather than requiring 2"-l elemental impedance devices and 2" 
wiper switches, the digital potentiometer of the third embodiment requires only 2^"^^^-l elemental 
impedance devices, 2^"^^^ wiper switches, two strings each including 2^^"'^^^^! intermediate-size 
impedance devices and one dummy structure, two sets of 2^^""^^^^-! shunt switches, with each set 
being associated with a respective one of the two strings of intermediate-size impedance devices, 
two bulk impedance devices, and two shunt switches each associated with a respective one of the 
two bulk impedance devices. 

[0011] A fourth exemplary embodiment of the present invention includes an n-bit digital 
potentiometer having some features similar to the third embodiment described above, including a 
string of elemental impedance devices, two bulk impedance devices, and two strings of shunted 
intermediate impedance devices, with each string including a dummy structure, all coupled 
between the first and second reference terminals. In the fourth embodiment, however, the each of 
the bulk impedance devices is part of a bulk structure that includes the bulk impedance device 
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itself and a dummy structure, and a shunt switch coupled so that both the bulk impedance device 
and the dummy structure may be bypassed. In addition, the arrangement of the impedance devices 
between the first and second reference terminals is changed relative to the third embodiment. In 
particular, each of the two bulk structures is coupled between a respective one of the ends of the 
elemental impedance device string and an end of a respective one of the two strings of shunted 
intermediate impedance devices. Meanwhile, an opposite end of each of the two strings of 
shunted intermediate impedance devices is coupled to one or the other of the first and second 
reference terminals. In other words, a respective one of the shunted intermediate impedance 
device strings is coupled to each of the first and second reference terminals, and a respective one 
of the bulk structures is disposed between each of the shunted intermediate impedance device 
strings and each of the two opposed ends of the elemental impedance string. This change in the 
arrangement of the impedance devices relative to that of the third embodiment can fiirther improve 
the linearity of the digital potentiometer. The fourth embodiment likewise achieves a significant 
savings in the number of components to implement the same wiper address range as the 
conventional digital potentiometer 100 of FIG. 1, having only two dummy structures in addition to 
the components of the third embodiment. 

[0012] These and other aspects of the present invention may be fiirther understood by reference to 
the following detailed description, and the accompanying drawings, of the exemplary 
embodiments. 
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BRIEF DESCRIPTION OF THE DRAWINGS 



[0013] FIG. 1 is a schematic diagram of a conventional digital potentiometer. 

[0014] FIG. 2 is a schematic diagram of a digital potentiometer in accordance with a first 

exemplary embodiment of the present invention. 

[0015] FIGS. 2A and 2B each illustrate a switching device useable in the digital potentiometer of 
FIG. 2. 

[0016] FIG. 3 is a schematic diagram of a digital potentiometer in accordance with a second 
exemplary embodiment of the present invention. 

[0017] FIG. 4 is a schematic diagram of a digital potentiometer in accordance with a third 
exemplary embodiment of the present invention. 

[0018] FIG. 5 is a schematic diagram of part of a string of shunted resistors. 

[0019] FIG.6 is a schematic diagram of a digital potentiometer in accordance with a fourth 

exemplary embodiment of the present invention. 

[0020] Common reference numerals are used throughout the drawings and detailed description to 
indicate like elements. Redundant discussion of features having the same reference numbers 
typically is omitted. 
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DETAILED DESCRIPTION 



[0021] Practitioners will appreciate that a digital potentiometer, including those described in detail 
below, may be implemented with resistors, capacitors, or inductors, or combination of resistors, 
capacitors, and/or inductors. "Impedance" is a term that encompasses both the resistance provided 
by resistors, and the reactance provided by capacitors and inductors, i.e., impedance = resistance + 
reactance. The term "impedance device," therefore, includes devices that may be entirely 
resistive, entirely reactive, or a combination of resistive and reactive. However, for ease of 
explanation and simplicity of the figures, our exemplary digital potentiometers 200, 300, 350, and 
450 are shown £is only having resistors in series between end terminals 102 and 104, but 
practitioners should understand that the resistors of digital potentiometers 200, 300, 350, and 450 
could be replaced by reactance elements, or a combination of resistors and reactance elements. 
Practitioners attempting to repUcate our resistor embodiments using reactance elements may have 
to make certain readily-apparent changes due to the use of the reactive elements, such as, for 
instance, changing a string of resistors in series to a string of capacitors in parallel. 
[0022] FIG. 2 illustrates a digital potentiometer 200, in accordance with one embodiment of the 
present invention. Digital potentiometer 200 has the same functionality as conventional digital 
potentiometer 100 of FIG. 1, but at a much reduced cost and with greater simplicity and reliability. 
[0023] Digital potentiometer 200 includes a bulk resistor Rb 202 and a string 204 of elemental 
resistors R0-R2" '^2- The bulk resistor Rb 202 and the string 204 are shown as being connected in 
series at a node 206. 

[0024] Opposite the node 206, the bulk resistor Rb 202 is connected to a switching device 208 at 
an end node 216 of the bulk resistor Rb 202. The switching device 208 selectively interconnects 
the end node 216 of the bulk resistor Rb 202 to either end terminal 102 or to end terminal 104 via 
line 211. 

[0025] Opposite the node 206, the string 204 of elemental resistors is connected to a switching 
device 210 at an end node 212 of the string 204. The switching device 210 selectively 
interconnects the end node 212 of the string 204 to either end terminal 102 via line 213 or to end 
terminal 104. 



8 



I 



CAT 12502-1 



PATENT 



[0026] End terminal 104 may be coupled to a low reference voltage Vref-, and end terminal 102 
may be coupled to a high reference voltage Vref+. In one embodiment, reference voltage Vref+ is 
about 5 volts and reference voltage Vref. is ground (0 volts). 

[0027] The string 204 includes 2"'^-l elemental resistors in series, including a first elemental 
resistor Ro, a last elemental resistor R2"*^2, and one or more intermediate elemental resistors Ri- 
R2""'.3- Each of the intermediate resistors Ri- R2"''-3 of string 204 is connected to each of the two 
resistors adjacent to it at a node, of which nodes 219 and 221 are typical. Each of the elemental 
resistors R0-R2" "^2 has approximately a same resistance value. 

[0028] The bulk resistor Rb 202 has a resistance value of approximately 2""^ times the resistance 
value of one of the elemental resistors Ro-R2"'^2. The bulk resistor Rb 202 may comprise a single 
resistive element or a resistor network having multiple resistors 203 where the total combined 
resistance value of the resistors 203 is approximately equal to 2""* times the resistance value of one 
of the elemental resistors Ro-R2"'^2- In other words, the resistance of bulk resistor Re 202 is 
greater than the total resistance of string 204 of elemental resistors Ro-R2"'^2 by the resistance 
value of one of the elemental resistors Ro-R2""^2. 

[0029] A set of 2"'^ electrically controllable wiper switches So-S2"'^i is cormected to and 
associated with the string of resistors 204. One terminal of each of the respective wiper switches 
So-S2"'^i is connected to a respective node of the string of resistors 204 and the other terminal of 
the wiper switch is connected to a third terminal of digital potentiometer 200, i.e., wiper terminal 
106. Each of the elemental resistors Ro-R2"'^2 of the string of resistors 204 has one of the wiper 
switches 80-82""^! cormected at each of the two ends thereof For instance, a terminal of the 
switch So is cormected to an end of resistor Ro at the node 212 and a terminal of the switch Si is 
connected to an opposite end of resistor Ro at node 223. The wiper switches So-S2'*"^i may be 
implemented as one or more transistors. 

[0030] As mentioned above, switching devices 208 and 210 control the coupling of end nodes 212 
and 216 to end terminals 104 and 102. Switching device 208 operates in complementary fashion 
with the switching device 210, such that when the switching device 208 connects the end node 216 
to end terminal 104, the switching device 210 connects the end node 212 to end terminal 102, and 
when the switching device 208 connects the end node 216 to end terminal 102, the switching 
device 210 connects the end node 212 to end terminal 104. Switching device 208 is controlled by 
binary input signals provided by switch control logic block 228 via a buffer 226 and lines 229 and 
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227, and switching device 210 is controlled by binary input signals provided by switch control 
logic block 228 via another buffer 226 and lines 231 and 227. The buffers 226 may be used to 
increase the drive power of the signals provided to switching devices 208 and 210. In addition, 
depending on the design of switching devices 208 and 210, the buffer 226 may also create a signal 
complementary to the signal received from switch control logic block 228, and may provide both 
the original signal and its complement to the switching devices 208 and 210, as indicated below 
with respect to FIGS. 2A and 2B. 

[0031] FIG. 2A illustrates one embodiment of the switching device 208 of FIG. 2. The switching 
device 208 of FIG. 2A includes switches 236 and 238. One terminal of the switch 236 is 
connected to high reference voltage Vref+ via end terminal 102 and the other terminal of the 
switch 236 is connected to the end node 216 of bulk resistor Rb 202. One terminal of the switch 
238 is connected to low reference voltage Vref- via line 211 and end terminal 104 (see, FIG. 2B) 
and the other terminal of the switch 238 is connected to the end node 216. The switches 236 and 
238 receive complementary control signals over control line 227 from the switch control logic 
block 228 via the associated buffer 226 (FIG. 2). Thus, the switches 236 and 238 operate in 
complementary fashion, either connecting the end node 216 to end terminal 102 via the switch 236 
or coimecting the end node 216 to end terminal 104 via the switch 238. To ensure complementary 

operation, buffer 226 (FIG. 1) may provide complementary inputs S„^^ and S„^^ to switches 238 

and 236, respectively, via a pair of lines 227. 

[0032] The switches 236 and 238 of switching device 208 may comprise N-channel or P-channel 
MOSFET transistors or bipolar transistors. Alternatively, the switches 236 and 238 may comprise 
CMOS transistors. Where the respective switches are implemented as one or more transistors, the 
control signals may be coupled to the gate or base of the transistor(s). 

[0033] FIG. 2B illustrates one embodiment of the switching device 210 of FIG. 2. The switching 
device 210 of FIG. 2B includes switches 240 and 242. One terminal of the switch 240 is 
connected to low reference voltage Vref- via end terminal 104 and the other terminal of the switch 
240 is connected to the end node 212 (FIG. 2). One terminal of the switch 242 is connected to 
high reference voltage Vref+ via line 213 and end terminal 102 (see, FIG. 2 A) and the other 
terminal of the switch 242 is connected to the end node 212. The switches 240 and 242 receive 
complementary control signals over control line 227 from the switch control logic block 228 via 
the associate buffer 226 (FIG. 2). Thus, the switches 240 and 242 operate in complementary 
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fashion, either connecting the end node 212 to end terminal 102 via the switch 242 and line 213 or 
connecting the end node 212 to end terminal 104 via the switch 240. To ensure complementary 

operation, the buffer 226 (FIG. 2) may provide complementary inputs and to switches 

242 and 240, respectively, via a pair of lines 227. 

[0034] The switches 240 and 242 of switching device 210 may comprise N-channel or P-charmel 
MOSFET transistors or bipolar transistors. Alternatively, the switches 240 and 242 may comprise 
CMOS transistors. Where the respective switches are implemented as one or more transistors, the 
control signals may be coupled to the gate or base of the transistor(s). 
[0035] Returning to FIG. 2, an interface 232 of digital potentiometer 200 receives an encoded, 
binary input signal 230 from an external source. The external source may be a device external to 
an integrated circuit containing digital potentiometer 200, or another circuit within the same 
integrated circuit as digital potentiometer 200. Input signal 230 may include an n-bit wiper 
address and/or other data and/or instructions for digital potentiometer 200. Various types of 
structures may be used to implement interface 232, such a serial interface or a parallel interface. 
[0036] Register 234 is a storage device. Register 234 is coupled to receive data or command 
inputs from, or to provide data outputs to, interface 232 and switch control logic block 228. For 
instance, the interface 232 may provide the encoded binary input signal 230, or a portion of it, to 
register 234. Register 234 may be a non- volatile device, such as an EEPROM (electrically 
erasable programmable read-only memory) or other type of flash memory, or a volatile device. 
Register 234 may be omitted in alternative embodiments. 

[0037] In one embodiment, a non-volatile register 234 stores an initial wiper position value that 
may be provided to switch control logic block 228 at system start up for implementation by switch 
control logic block 228. The initial wiper position may be a last wiper position of digital 
potentiometer 200 before an immediately prior turn-off of digital potentiometer 200, or may be a 
universal start-up value, e.g., a lowest wiper position, a highest wiper position, or a middle wiper 
position. Where register 234 is a volatile device, switch control logic block 228 will be 
programmed to implement a default wiper position (e.g., a wiper position in the middle of the 
wiper address range) upon power-on, and then may either increment or decrement the wiper 
position from the default wiper position, or may jump to a distal (i.e., non-incremental) wiper 
position from the default position, based on a subsequent input n-bit wiper address. 
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[0038] Switch control logic block 228 may perforai several functions, including: (1) decoding of 
wiper address input signals received from an external source via interface 232 or from register 234 
to determine a new wiper address; (2) control and execution of switching algorithms to implement 
the specified wiper address; and (3) executions of any instructions received from external control 
devices. Control and execution of the switching algorithm includes: (1) execution of the switching 
of wiper switches 80-82"^!; (2) execution of the switching of switching devices 208 and 210; and 
(3) synchronization of the switching of wiper switches 80-S2" '^i and switching devices 208 and 
210. In one embodiment, switch control logic block 228 uses a first portion of an input n-bit 
wiper address, e.g., the MSB (Most Significant Bit (bit n-1)), to control the switching devices 208 
and 210, and uses the remaining, lesser bits of the n-bit wiper address excluding the MSB, e.g., bit 
(n-2) and lower, to control a configuration of wiper switches 80-82""^!. 

[0039] Switch control logic block 228 may have the capability of determining, during a switching 
sequence in which the connection of the wiper terminal 106 is changed from one internal node of 
digital potentiometer 200 to another, whether the wiper terminal 106 is connected to one intemal 
node or to a plurality of intemal nodes, or is not connected to any intemal node (i.e., a high 
impedance state relative to the intemal nodes). 

[0040] Switch control logic block 228 maybe implemented, in perhaps a most simple form, as a 
decoder, or a decoder and a counter. Alternatively, switch control logic block 228 may be a state 
machine having a multiphcity of states. Conventional logic circuitry, a programmable logic 
device (PLD), a read-only memory (ROM), or a processor and software, may be used to form 
switch control logic block 228. 

[0041] Switch control logic block 228 may include a volatile wiper register to store an n-bit wiper 
address implemented and/or to be implemented by switch control logic block 228. The volatile 
register may store a wiper address or other input received from interface 232 or register 234. 
[0042] Switch control logic block 228 provides binary control signals to wiper switches So-S2""^i 
via a buffer 226 and lines 224 and 227. Line 224 couples switch control logic block 228 to buffer 
226, and one or more of the plurality of lines 227 couple buffer 226 to each respective wiper 
switch S0-S2" "^i. Depending on the type of wiper switches So-Sz"'^! used, the buffer 226 may 
provide a pair of complementary signals over a pair of lines 227 to each wiper switch 80-82"*^!. 
Buffer 226 may also increase the drive power of the signals. Where the respective wiper switches 
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80-82"'^! are each implemented as one or more transistors, the respective hnes 227 may be coupled 
to the gate or base of the transistor(s). 

[0043] The control signal(s) provided by switch control logic block 228 to each of the w^iper 
switches 80-82""^! via buffer 226 are based on bits of the input n-bit wiper address other than the 
MSB, e.g., bit n-2 and lower, and specify which of wiper switches 80-82"'^! is (or are) to be turned 
on, and which of wiper switches So- 82""' -1 are turned off at any given point in time. Dq)ending on 
the switching sequence used, and the particular moment in time during a switching sequence, all 
of wiper switches 80-82"'^! may be off, one of the wiper switches So-82""^i may be on and the 
remainder of the wiper switches 80-82" may be off, or two or more wiper switches 80-82""^! 
may be on and the remainder of wiper switches 80-82""^! may be off, among other possibilities. 
[0044] From the above-described structure of digital potentiometer 200, practitioners will readily 
perceive significant differences in comparison to the conventional structure of FIG. 1. For 
instance, rather than requiring 2"-l elemental resistors and 2" switches, as is required in the 
conventional digital potentiometer 100 of FIG. 1, the digital potentiometer 200 requires only 2"'^-l 
elemental resistors, T'^ wiper switches, one bulk resistor having a resistance of 2"*^ times one of 
the elemental resistors, and two end-terminal switching devices. This amounts to a significant 
reduction, approximately 50%, in the number of resistors and switches in comparison to digital 
potentiometer 100. Accordingly, use of digital potentiometer 200 may be expected to yield 
savings in chip area and cost, and to provide improved performance and increased reliability. 
[0045] As a particular example, assume that digital potentiometers 100 and 200 are eight bit 
digital potentiometers with 256 wiper positions. In such a case, conventional digital potentiometer 
100 would have 255 elemental resistors and 256 wiper switches. By contrast, digital 
potentiometer 200 has only 127 elemental resistors, 128 wiper switches, one bulk resistor having a 
resistance of 128 times one of the elemental resistors, and two end-terminal switching devices. 
[0046] At this point in our discussion, it is submitted that the reader's understanding of digital 
potentiometer 200 will be aided by some examples showing the operation of switch control logic 
block 228 in response to input signals 230 specifying wiper address changes. After the examples, 
a further discussion of switching methods and algorithms will be provided. 
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EXAMPLE 1 

[0047] In this example, digital potentiometer 200 will start at a lowest output voltage position, 
e.g., with an output voltage Vw at the wiper terminal 106 equal to reference voltage Vref- (e.g., 
ground), and will incrementally increase the output voltage Vw to a highest output voltage 
position, e.g., with an output voUage Vw at the wiper terminal 106 equal to reference voltage Vref+ 
(e.g., 5 V). For ease of explanation, switch configurations are discussed in terms of their states 
"before" and "after" the switching operation, and not in terms of their states during the switching 
operation. 

[0048] At the lowest output voltage position, digital potentiometer 200 has a configuration with: 
(1) switching device 210 connecting the end node 212 to end terminal 104, which is coupled to the 
low reference voltage Vref-; (2) the switching device 208 connecting the end node 216 to end 
terminal 102, which is coupled to the high reference voltage Vref+; and (3) the wiper switch So 
alone turned on to tap the string of resistors 204 at the node 212. The other wiper switches, i.e., 
wiper switches 81-82"'^!, are off 

[0049] From this lowest output voltage position, the output voltage Vw at the wiper terminal 106 
may be incrementally increased by providing successive input signals 230 with sequentially 
incremented wiper addresses. In response, switch control logic block 228 increments the identity 
of the single tumed-on-one of the wiper switches fi-om switch So to switch Si, fi-om switch Si to 
switch S2, and so on through switch 82"'^! . For instance, when switch Si is turned on, the output 
voltage Vw at the wiper terminal 106 is a function of the resistance of resistor Rq. When switch 
82"'^! is turned on, the output voltage Vw at the wiper terminal 106 is a function of the resistance 
of resistors R0-R2" i.e., all of the resistors of string 204. 

[0050] To further increment the output voltage Vw beyond that associated with all of the elemental 
resistors Ro-R2"'^-2 of string 204, switch control logic block 228 must change the configuration of 
the switching devices 208 and 210 so that the switching device 208 connects the end node 216 to 
the end terminal 104 and the switching device 210 connects the end node 212 to the end terminal 
102. Switch 82"''-! remains the only tumed-on switch of the wiper switches So- 82""^!. Since the 
resistance of bulk resistor Rb 202 is equal to 2""^ times the resistance value of one of the minor 
resistors R0-R2" '^2, i.e., is greater than the combined series resistance of string 204 by the 
resistance value of one of the elemental resistors Ro-R2"'*.2, the switching operation accomplishes 
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an increment in the output voltage Vw due to the one additional resistance value of bulk resistor Rb 
202. 

[0051] To further increment the output voltage Vw at wiper terminal 106, switch control logic 
block 228 may decrement the identity of the single tumed-on-one of the wiper switches from the 
last wiper switch 82"*^! through the first wiper switch So, i.e., in the embodiment of FIG. 2 from 
switch 82" ^! to switch 85, and then from switch 86 to switch 85, and so on to switch 80. When 
switch 80 is activated after the above-described switching of the end nodes 212 and 216, the output 
voltage Vw at wiper terminal 106 is at the highest voltage position. 

[0052] Thus, the digital potentiometer 200 provides a first set of output voltage Vw values when 
the end node 216 is connected to the end terminal 102 and the end node 212 is connected to the 
end terminal 104. The digital potentiometer 200 provides a second set of output voltage Vw values 
when the end node 216 is connected to the end terminal 104 and the end node 212 is connected to 
the end terminal 102. The sequence of the switching may vary. 

EXAMPLE 2 

[0053] In this example, digital potentiometer 200 will start at a particular output voltage position, 
and will change to other output voltage positions in a non-incremental fashion. For instance, 
assume an initial configuration in the lower half of the resistance range of digital potentiometer 
200 where: (1) the switching device 210 is connecting the end node 212 to end terminal 104, 
which is coupled to the low reference voltage Vref- (e.g., ground); (2) the switching device 208 is 
connecting the end node 216 to end terminal 102, which is coupled to the high reference voltage 
Vref+ (e.g., 5 V); and (3) the wiper switch 83 alone is turned on to tap the string 204 of resistors. 
Accordingly, the output voltage Vw at wiper terminal 106 would be a fimction of resistors Ro, Ri, 
and R2. 

[0054] If, for instance, an input signal 230 then is received by switch control logic block 228 that 
requires an increase in the output voltage Vw to the output voltage associated with resistor R5 of 
string 204, then switch control logic block 228 accomplishes this result by turning off switch S3 
and turning on switch Se* 

[0055] If, for instance, another n-bit input signal 230 is then received by switch control logic 
block 228 that requires an increase in the output voltage Vw beyond that associated with the last 
resistor R2""^2 of string 204 and into the upper half of the resistance range of digital potentiometer 
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200, then the configuration of switching devices 208 and 210 must be changed. For instance, 
assume that digital potentiometer 200 is a four bit digital potentiometer with 16 wiper positions, 
seven elemental resistors and eight wiper switches, and that an input wiper address requires that 
the wiper address be increased by five resistance increments beyond the resistance associated with 
resistor R5 (see the example of the previous paragraph). Switch control logic block 228 would 
accomplish this result by changing the configuration digital potentiometer 200 so that: (1) the 
switching device 208 connects the end node 216 to the end terminal 104 and the switching device 
210 connects the end node 212 to the end terminal 102; and (2) switch S4 is on. Accordingly, the 
output voltage Vw at wiper terminal 106 would be a fimction of bulk resistor Rb 202 and resistors 
R4, R5, and R2""^2 (i.e., R7 where n=4) The sequence of the switching may vary. 

[0056] As can be seen from the above examples, specific switching algorithms are executed by 
switch control logic block 228 of digital potentiometer 200 of FIG. 2 in response to an input signal 
requesting a change in wiper position. The address range of digital potentiometer 200 may be 
divided into two ranges: (1) a high address range (HAR) specified by a logical one MSB in an 
wiper address; and (2) a low address range (LAR) specified by a logical zero MSB in the wiper 
address. Accordingly, there are four significant types of wiper address change: (1) fi-om a LAR 
wiper address to another LAR wiper address; (2) fi-om a LAR wiper address to a HAR wiper 
address; (3) firom a HAR wiper address to another HAR wiper address; and (4) fi-om a HAR wiper 
address to a LAR wiper address. With respect to address change types (1) and (3) above, the 
identity of the single tumed-on-one of the switches So- S2"'^l changes, but the configuration of 
switching devices 208 and 210 (i.e., end nodes 212, 216) does not change. With respect to address 
change types (2) and (4) above, which involve a change fi-om the LAR to the HAR, or vice versa, 
most cases involve a change in the configuration of both wiper switches So-Sa""^! and switching 
devices 208 and 210. However, for a small subset of address changes of the types (2) and (4), 
only the positions of switching devices 208 and 210 (i.e., end nodes 212 and 216) change. 
[00571 The manner in which switch control logic block 228 implements the switching associated 
with a wiper address change may vary. A switching sequence may be defined relative to the 
number of internal nodes to which, at any given moment, the wiper terminal 106 is connected, and 
relative to the order in which the wiper terminal 106 connects to the one or more intemal nodes, 
during a wiper address change. 
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[0058] For example, switch control logic block 228 may use a make-before-break (MBB) 
switching sequence, or a break-before-make (BBM) switching sequence, or a combination of 
MBB and BBM switching sequences, depending on what switches are being turned on and off. In 
a MBB switching sequence, while the wiper terminal 106 is still connected to a first internal node, 
the wiper terminal 106 is connected to a second internal node, and then, after other events 
complete, the wiper terminal 106 is disconnected firom the first internal node. In other words, a 
new connection is made before a previous connection is broken. In a BBM sequence, the wiper 
terminal 106 is disconnected fi-om a first internal node, leaving it in high impedance state relative 
to the internal node, and then, after other events complete, the wiper terminal 106 is connected to a 
second internal node. In other words, a new connection is made only after a previous connection 
was broken. Any combination of MBB and BBM switching sequences may be implemented for 
the wiper switches So- 82" ^! and switching devices 208 and 210 based on the requirements of the 
application supported by digital potentiometer 200. Moreover, the states of the switching 
sequences for wiper switches So- 82"'^! and switching devices 208 and 210 may overlap or 
interlace in time. One particular switching sequence for the wiper switches So- 82"'^! and 
combined with one particular switching sequence for terminal switching devices 208 and 210 
define a switching algorithm. 

10059] For example, the order in which the reference terminals and wiper switches change states 
may be: (1) change wiper switches So- 82"*^! and switching devices 208 and 210 simultaneously; 
(2) first change wiper switches So- 82"'^!, then change switching devices 208 and 210; or (3) first 
change switching devices 208 and 210, then change wiper switches 80- 82" ^i. 
[0060] In another implementation, the switching algorithm may interlace various states of the 
switching sequences for wiper switches 8o-S2""^i and switching devices 208 and 210. Assuming 
notations such as DW=disconnect wiper, RW=recoimect wiper, DT=disconnect reference 
terminals, RT=recoxuiect reference terminals, and HiZ=high impedance, the following switching 
algorithms maybe considered: (1) DW (HiZ); DT (HiZ); RT; RW; (2) DW (HiZ); DT (HiZ); RW; 
RT; (3) DI (HiZ); DW (HiZ); RW; RT; and (4) DT (HiZ); DW (HiZ); RT; RW. 
[0061] These changes of wiper switch state and terminal switching device state affect the electric 
signals through the digital potentiometer 200 and at the wiper terminal 106. Certain applications 
for digital potentiometer 200 require limited variations of such electric signals. These restrictions 
may translate, for example, in limited current flow and limited electric potential variations at the 
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wiper terminal 106. As a result, a need for the control of the electric signal paths may arise. The 
switch control logic block 228 may provide a means to control the order in which the wiper 
switches 80-82""^! and terminal switching devices 208 and 210 change state, in a variety of 
combinations, according to the requirements of the target application for digital potentiometer 200. 
A control signal received at switch control logic block 228 via interface 232 or register 234 may 
change the switching algorithm used by switch control logic block 228. 

[0062] In one implementation, the switch control logic block 228 may provide only one switching 
algorithm for controlling the wiper switches 80-82" ^! and switching devices 208 and 210. In 
another implementation, the switch control logic block 228 may provide several or all possible 
switching algorithms for controlling the wiper switches 8o-S2"''.i and switching devices 208 and 
210. In other implementation, the desired algorithm for switching from one wiper address to 
another may be chosen from several implemented switching algorithms by an input signal 230 
received by switch control logic block 228 via interface 232. In another implementation, the 
desired algorithm for switching from one wiper address to another may be chosen from several 
implemented switching algorithms by an instruction received by the switch control logic block 
228 through the interface 232 and stored into register 234, configuring the function of the switch 
control logic block 228 as long as the instruction is resident in register 234. Again, the 
requirements of the application and the electrical characteristics of the digital potentiometer will 
inform the practitioner concerning the switching methodology. 

[00631 FIG. 3 illustrates a digital potentiometer 300 in accordance with another embodiment of 
the present invention. The digital potentiometer 300 is similar to the digital potentiometer 200 of 
FIG. 2, as described above, and includes many of the same reference numbers and features. 
[0064] The digital potentiometer 300 includes a string 204 of 2""^-l elemental resistors, and two 
bulk resistor Rb 302 and Rb 304. One end of the bulk resistor Rb 302 is connected to the end 
terminal 102, which is coupled to reference voltage Vref+, and the opposite end of the bulk 
resistor Rb 302 is connected to the string 204 at the end node 206. One end of the bulk resistor Rb 
304 is connected to the terminal 104, which is coupled to reference voltage Vref-, and the opposite 
end of the bulk resistor Rb 304 is connected to the string 204 at the node 212. In this 
implementation, the bulk resistor Re 302, the string of resistors 204, and the bulk resistor Rb 304 
are configured in series with each other. 
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[0065] The bulk resistors Rb 302 and Rb 304 may be formed in the same manner as bulk resistor 
Rb 202 of FIG. 2. The bulk resistors Ra 302 and Rb 304 may have a resistance value of 
approximately 2"'^ times the resistance value of one of the elemental resistors of string 204. 
[0066] A switching device 3 10 is connected between the terminal 102 and the node 206 in parallel 
with the bulk resistor Rb 302 and serves as a shunt switch to selectively bypass the bulk resistor 
302. Similarly, a switching device 312 is connected between the terminal 104 and the node 212 in 
parallel with the bulk resistor Rb 304 and serves as a shunt switch to selectively bypass the bulk 
resistor Rb 304. 

[0067] The switching devices 310 and 312 are operated in complementary fashion by switch 
control logic block 228 respective buffers 226 and lines 229 and 231, respectively. In particular, 
when the switching device 310 is turned on, the switching device 312 is turned off, and vice versa. 
Accordingly, at the completion of a switching sequence, only one of bulk resistors Rb 302 and Rb 
304 remains in series with string 204 between end terminals 104 and 102. The other of the bulk 
resistors Rb 302 and Rb 304 is bypassed by its associated switching device 310 or 312, 
respectively. To ensure complementary operation of switching devices 310 and 312, the switch 
control logic block 228 may provide switching device 312 with a control signal complimentary to 
that provided to switching device 310. Alternatively, switching devices 310 and 312 may be of 
opposite types, so that a same control signal provided to switching devices 310 and 312 will 
provide the complimentary configurations. 

[0068] Switching devices 310 and 312 may each comprise any suitable switching device, such as 
N-channel or P-channel MOSFET transistors or bipolar transistors. Alternatively, the switching 
devices 310 and 312 may comprise CMOS transistors operated by a pair of complementary signals 
generated by the buffer 226 based on a signal received from switch control logic block 228. 
Where switching devices 310 and 312 are implemented as one or more transistors, control signals 
from switch control logic device 228 may be coupled to the gate or base of the transistor(s). 
[0069] By comparison to conventional digital potentiometer 100 of FIG. 1, digital potentiometer 
300 requires only: (1) 2""^-l elemental resistors Ro-Ri"'^!; (2) 2""* wiper switches So-S2"■^l; (3) 
two bulk resistors Rb 302 and Rb 304 each having a resistance of 2"'^ times one of the elemental 
resistors; and (4) two switching devices 310 and 312. This represents a significant reduction in the 
number of components to implement the same wiper address range as the conventional digital 
potentiometer 100. 
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[00701 A basic structural difference between digital potentiometer 200 of FIG. 2 and digital 
potentiometer 300 of FIG. 3 is that, in the former, there is only one bulk resistor Rb 202, and in the 
latter, there are two bulk resistors Rb 302 and Rb 304. Bulk resistor Rb 202 of digital 
potentiometer 200 is switchable between terminals 104 and 102, but is always in series with 
resistor string 204 (except, depending on the switching algorithm, during wiper switching). By 
contrast, in digital potentiometer 300, there are bulk resistors Rb 302 and Rb 304, one or the other 
of which is bypassed, so that only one of bulk resistors Rb 302 and Rb 304 remains in series with 
sting 204 at the completion of a switching sequence. While digital potentiometer 300 therefore 
may occupy more chip area that digital potentiometer 200, digital potentiometer 300 may be a 
better choice for a particular application. For instance, digital potentiometer 300 may allow a 
simpler and smaller design for switch control logic block 228, and may provide better electrical 
performance in terms of lower switching noise. Accordingly, whether to use digital potentiometer 
200 or 300 depends on the apphcation for the digital potentiometer. 
[0071] The methods of operation of digital potentiometers 200 and 300 include certain 
similarities. As mentioned, both embodiments include a string of elemental resistors in series with 
at least one bulk resistor between first and second end terminals. At a high level of abstraction, 
both of digital potentiometers 200 and 300 implement a method that includes determining, based 
on a subportion of an input n-bit wiper address (e.g., the MSB), whether to use the string of 
elemental resistors (or the at least one bulk resistor) in a lower half portion or an upper half portion 
of the resistance range of the digital potentiometer, and then tapping the string of elemental 
resistors based on another subportion of the input n-bit wiper address. At a lower level of 
abstraction, the method of digital potentiometer 200 differs from the method of digital 
potentiometer 300 in that digital potentiometer 200 conceptually flips the orientation of the 
resistor (i.e., the series combination of string 204 and bulk resistor RB 202) between terminals 104 
and 102 in going from the lower half of the resistance range to the upper half of the resistance 
range of digital potentiometer 200, while in digital potentiometer 300, one or the other of end 
terminals 102 and 104 conceptually moves, depending on which one of bulk resistors RB 302 and 
RB 304, respectively, is bypassed, so that the elemental resistor string 204 will be in the lower half 
portion or the upper half portion, respectively, of the resistance range of the digital potentiometer 
300. 
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[0072] Readers will appreciate that the switching sequences and algorithms employed in digital 
potentiometer 300, such as whether MBB, BBM, or combinations of MBB and BBM sequences 
are used, can vary, depending on the application, as discussed above with respect to digital 
potentiometer 200. 

I0073J The following examples are provided to illustrate the operation of digital potentiometer 
300 of FIG. 3. 

EXAMPLE 3 

[0074] In this example, digital potentiometer 300 will start at a lowest output voltage position, 
e.g., with an output voltage Vw at the wiper terminal 106 equal to reference voltage Vref- (e.g., 
ground), and will incrementally increase the output voltage to a highest output voltage 
position, e.g., with an output voltage Vw at the wiper terminal 106 equal to reference voltage Vref+ 
(e.g., 5 V). For ease of explanation, switch configurations are discussed in terms of their states 
"before" and "after" the switching operation, and not in terms of their states during the switching 
operation. 

[0075] At the lowest output voltage position, digital potentiometer 300 has a configuration with: 
(1) switching device 312 on so as to bypass bulk resistor Rb 304 and connect the end node 212 to 
terminal 104, which is coupled to the low reference voltage Vref-; (2) the switching device.310 off 
so that bulk resistor Rb 302 is coupled in series with string 204 between end node 206 and 
terminal 102, which is coupled to the high reference voltage Vref+; and (3) the switch So alone is 
turned on to tap the string of resistors 204 at the end node 212, with the remaining wiper switches 
Si-S2"'^i being off 

[0076] From this lowest output voltage position, the output voltage Vw at wiper terminal 106 may 
be incrementally increased by providing successive input signals 230 with sequentially 
incremented wiper addresses. In response, switch control logic block 228 increments the identity 
of the single tumed-on-one of the wiper switches from switch So to switch Si, from switch Si to 
switch S2, and so on through last switch 82""^!, while leaving switching device 310 off and 
switching device 312 on. For instance, when switch Si is turned on, the output voltage at the 
wiper terminal 106 is a fxmction of the resistance of resistor Ro. When last switch 82" ^] alone is 
tumed on, the output voltage Vw at the wiper terminal 106 is a function of the resistance of all of 
the elemental resistors Ro-R2""^2 of string 204. 
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[0077] To further increment the output voltage Vw beyond that associated with string 204, i.e., the 
sum of the resistances of all of resistors Ro-R2""^-2 of string 204, the configuration of the switching 
devices 310 and 312 is reversed by switch control logic block 228. In particular, the configuration 
of digital potentiometer 300 is changed so that: (1) switching device 310 is on so that bulk resistor 
Rb 302 is bypassed and end node 206 of string 204 is coupled to terminal 102; (2) switching 
device 312 is off so that bulk resistor Rb 304 is coupled between end node 212 and terminal 104; 
and (3) wiper switch So alone is turned on. Accordingly, the output voltage Vw is a fimction of 
bulk resistor Rb 304 alone of the resistors. As noted, a resistance of bulk resistor Rb 304 is 2""^ 
times one of the elemental resistors R0-R2" ^2, or the resistance of one elemental resistor greater 
than the resistance of string 204. 

[0078] From this mid-range output voltage position, the output voltage Vw at wiper terminal 106 
may be incrementally increased by providing successive input signals 230 with incremented wiper 
addresses. In response, switch control logic block 228 increments the identity of the single tumed- 
on-one of the wiper switches fi:om switch So to switch Si, firom switch Si to switch S2, and so on 
through last switch S2"'^i, while leaving switching device 310 on and switching device 312 off. 
For instance, when switch Si is turned on, the output voltage Vw at the wiper terminal 106 is a 
function of the resistance of bulk resistor Rb 304 and resistor Rq. When last wiper switch Sa^'^i is 
turned on, the output voltage Vw at the wiper terminal 106 is at a maximum value that is a function 
of the resistance of bulk resistor Rb 304 and all of the resistors R0-R2" "^2 of string 204. 
[0079] Thus, the digital potentiometer 300 provides a first set of output voltage Vw values when 
the switching devices 312 shunts, or bypasses, the bulk resistor Rb 304 and a second set of output 
voltage Vw values when the switching device 310 shunts, or bypasses, the bulk resistor Rb 302. 
The second set of voltage values may be higher than the first set of voltage values. A substantially 
constant resistance is maintained between the terminals 102 and 104 at the completion of a 
switching sequence. The sequence of the switching may vary. 



EXAMPLE 4 

[0080] In this example, digital potentiometer 300 will start at a particular output voltage position, 
and will change to other output voltage positions in a non-incremental fashion. For instance, 
assume an initial configuration in the lower half of the resistance range of digital potentiometer 
300 where: (1) the switching device 310 is off, so that end node 206 of string 204 is coupled to 
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terminal 102 and high reference vohage Vref+ through bulk resistor Rb 302; (2) switching device 
312 is on, so that bulk resistor Rb 302 is bypassed and end node 212 is coupled to terminal 104, 
which is coupled to the low reference voltage Vref- (e.g., ground); and (3) the wiper switch S2 
alone among the wiper switches 80-82""'.! is turned on to tap the string 204 of resistors. 
Accordingly, the output voltage Vw at wiper terminal 106 would be a function of resistors Ro and 
R\ of string 204. If an input signal 230 is then received by switch control logic block 228 that 
requires an increase in the output voltage Vw beyond that associated with the last resistor of string 
204 and into the upper half of the resistance range of digital potentiometer 300, then the 
configuration of switching devices 310 and 312 must be changed. For instance, assume that 
digital potentiometer 300 is a four-bit (n=4) digital potentiometer with 16 wiper positions, seven 
elemental resistors and eight wiper switches, and that an input wiper address requires that the 
wiper address be increased by ten resistance increments beyond the resistance associated with 
resistor Ro and Ri . Switch control logic block 228 accomplishes this result by changing the 
configuration of digital potentiometer 300 so that: (1) switching device 310 is on, thereby 
bypassing bulk resistor Rb 302 and coupling end nod 206 to terminal 102; (2) switching device 
3 12 is off, thereby coupling end node 212 to terminal 104 through bulk resistor Rb 304; and (3) 
wiper switch 84 alone among the wiper switches 80-82"'^! is turned on to tap the string 204 of 
elemental resistors. Accordingly, the output voltage Vw at wiper terminal 106 would be a fimction 
of bulk resistor Rb 304 and elemental resistors Ro, Ri, R2, and R3. The sequence of the switching 
may vary. 

[0081] FIG. 4 illustrates a digital potentiometer 350 in accordance with a third embodiment of the 
present invention. The digital potentiometer 350 is similar in certain respects with digital 
potentiometer 300 described above, and includes many of the same reference numbers and 
features. 

[0082] Like digital potentiometer 300, digital potentiometer 350 includes a string of elemental 
resistors in series that are tapped by wiper switches, with the string being disposed between and in 
series with a pair of bypassable bulk resistors Rb 302 and Rb 304. As in digital potentiometer 300, 
the bulk resistors Rb 302 and Rb 304 are coupled to end terminals 102 and 104, respectively, of 
digital potentiometer 350. Switching devices 310 and 312 allow for the bypassing of bulk 
resistors Re 302 and Rb 304 in a complementary fashion based on control signals firom switch 
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control logic block 228, so that only one of bulk resistors Rb 302 and Rb 304 is in series with the 
other resistors between terminals 102 and 104 at the completion of any given switching sequence, 
thereby helping to maintain a constant series resistance between terminals 102 and 104. 
[0083] A difference between digital potentiometers 300 and 350 is that, while digital 
potentiometer 300 has a two-stage design, in that the range of resistances is divided into two parts 
(i.e., a first range provided by string 204, and a second range provided by bulk resistors Rb 302 
and Rb 304), digital potentiometer 350 has a three-stage design that divides the range of 
resistances into three parts. 

[0084] In particular, digital potentiometer 350 includes three strings of resistors 360, 362, and 
364, two identical dummy structures 356 and 358, and two bulk resistors Rb 302 and Rb 304, all in 
series between terminals 102 and 104. The resistances of digital potentiometer 350 are 
symmetrical around central resistor string 364. That is, the resistance of string 360 is 
approximately the same as the resistance of string 362, the resistance of dummy structure 356 is 
approximately the same as the resistance of dummy structure 358, and the resistance of bulk 
resistor Rb 302 is approximately the same as the resistance of bulk resistor Rb 304. Bulk resistors 
Rb 302 and Rb 304 are mirror images, and strings 360 and 362 are mirror images. Accordingly, 
the resistance range of digital potentiometer 350 is divided into three ranges: (1) a first range 
implemented by bulk resistors Rb 302 and 304; (2) a second range implemented by resistor strings 
360 and 362; and (3) a third range implemented by elemental resistor string 364. 
[0085] Resistor string 364 includes 2^"^^^-l identical elemental resistors Ro-R2^"^^^-2 in series. Note 
that our use of square brackets [ ] around the term n/2, where n is the number of bits in a wiper 
address, indicates that the exponential term is the integer part of the function n-^-2. This has no 
practical implication where n is an even number, since even numbers divide evenly by two, but 
does have implication where n is an odd number. That is, where n is an even number, e.g., n=8, 
the exponential term is 8-^2=4, which is an integer. When n is an odd number, however, e.g., n=9, 
the square brackets indicate that the exponential value is the integer part of 9^2, i.e., the integer 
part of 4.5, which is 4. As further examples, [5.5] is 5, and [3.5] is 3. 
[0086] Returning to FIG. 4, a set of electrically controllable wiper switches So-S2^"^li is 
connected to and associated with the string of resistors 364. One terminal of each of the respective 
wiper switches 80-82^"^^^ is connected to a respective node of the string 364 and the other terminal 
of the wiper switch is connected to the wiper terminal 106. Each of the elemental resistors Ro- 
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R2'"^^-2 of the String of resistors 364 has one of the switches So-S2'"^'-i connected at each of the 
two ends of the resistor. 

[0087] Each wiper switch So-S2^"^li may be implemented by one or more transistors, and may be 
operated by control signals provided from switch control logic block 228 via buffer 226 and one 
of the lines 227, similar to the embodiments described above. 

[0088] String 360 is coupled between the last elemental resistor R2^^^\\ of string 364 and buUc 
resistor Rb 302, i.e., between nodes 359 and 357 of digital potentiometer 350. String 360 includes 
2[(n-i)/2]_ J resistors RHo-RH2^^""'^l2 and one dummy structure 356, all of which are in series. 
Resistors RHo-RH2^^"'^^l2 each have a same resistance value of approximately 2^^^^ times the 
resistance of one of the elemental resistors Ro-R2^'^^'-2 (i ^., Ro*2^"^^^). The resistance of each 
resistor RHo-RH2^^"'^^^l2 is one elemental resistor value greater than a resistance of the entire 
string 364 of elemental resistors Ro~R2^"^^'-2- 

[0089] Resistor RH2^^"'^^^^l2 is at the lower end of string 360 coupled to the output end of last 
resistor R2^"^^'-2 of elemental resistor string 364 and the last wiper switch S2^"^^-i at node 359, and 
resistor RHo is toward the opposite upper end of string 360 coupled to one terminal of dummy 
structure 356. An opposite terminal of dummy structure 356 is coupled to bulk resistor Rb 302 
and switching device 310 at node 357. The structure of dummy structure 356 is discussed below. 
[0090] A first set of 2f^"'^^^-l electrically controllable shunt switches SHo-SH2^^"*^^^^l2 is connected 
to and associated with the string 360. One terminal of each of the respective shunt switches SHo- 
SH2^^"'^^^l2 is connected to node 357 between dummy structure 356 and bulk resistor Rb 302, and 
the other terminal of the respective shunt switch is coupled to a respective one of plural nodes of 
string 360. The respective nodes of string 360 to which a respective one of the shunt switches 
SHo-SH2'^"'^^^^l2 is connected include the node between each pair of adjacent, coupled resistors of 
string 360 and the node 359 at the end of the final resistor RH2^^"'*^l2 of string 360. For instance, 
the first shunt switch SHo is coupled between node 357 and a node of string 360 between first 
resistor RHo and second RHi. The last shunt switch SH2^^""^^l2 is coupled between node 357 and 
node 359, which is a point of connection of the last resistor RH2'^"'^^^'-2 of string 360 to resistor 
string 364. Thus, each of shunt switches SHo-SH2^^"''^l2 is coupled in parallel with a portion of 
string 360. 

[0091] Shunt switches SHo-SH2^^""^^^l2 are each coupled so that an associated portion of string 360 
may be bypassed, i.e., removed fi-om the series resistance between terminals 102 and 104. In 
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particular, dummy structure 356 and any resistors between the node on string 360 to which the 
respective shunt switch SHo-SHa^^^'^^^-i is connected and node 357 are bypassed when the shunt 
switch is on. For instance, shunt switch SHo is coupled between nodes 357 and 370 and operates 
so that resistor RH© and dummy structure 356 are bypassed if switch SHo is on, but are in series 
with the other resistors between terminals 102 and 104 if switch SHo is oft Likewise, shunt 
switch SHi is coupled so that resistor RHo, dummy structure 356, and resistor RHi are bypassed if 
switch SHi is on, but are in series with the other resistors between terminals 102 and 104 if switch 
SHi is off. As a final example, the final shunt switch SH2'^""'^'.2 is coupled between nodes 357 
and 359, and operates so that all of the resistors RHo-RH2^^"'^^^l2 and the dummy structure 356 of 
string 360 are bypassed if shunt switch SHz^^^'^^^^-z is on, but are in series with the other resistors 
between terminals 102 and 104 if shunt switch SH2^^""^^^l2 is off ] 

[00921 During operation of digital potentiometer 350, all of shunt switches SHo-SH2^^''"^^^^"^2 may 
be on, all may be off, or some may be on and some may be off Each of shunt switches SHo- 
SH2^^"*^^^l2 niay be implemented as one or more transistors, and may be operated by control 
signals provided by switch control logic block 228 via an associated buffer 226 and lines 367 and 
227. 

[0093] String 362 is coupled between a first end of the first elemental resistor Ro of string 364 and 
bulk resistor Kb 304. String 362 is a mirror image of string 360, structurally and resistively 
identical. In particular, string 362 includes 2^^""^^^^-l identical resistors RLo-RL2^^""^^^l2 and one 
dummy structure 358, all in series. Resistor RHq is coupled to a first end of dummy structure 358. 
An opposite end of dummy structure 358 is coupled to bulk resistor Rb 304 and switching device 
312 at node 363. A final resistor RL2^^"'*^^^l2 at the upper end of string 362 is coupled to a first end 
of first resistor Ro of elemental resistor string 364 and wiper switch So at node 365. 
[00941 A second set of 2^^"'^^^^1-1 electrically controllable shunt switches SLo-SL2^^""^^^l2 is 
coimected to and associated with the string 362. One terminal of each of the respective shunt 
switches SLo-SL2^^"''^^.2 is connected to a node 363 between dxmimy structure 358 and bulk 
resistor Rb 304, and the other terminal of the respective shunt switch SLo-SL2^^""*^l2 is coupled to 
a respective one of plural nodes of string 362. The respective nodes of string 362 to which a 
respective one of the shunt switches SLo-SL2^^"'^^l2 is connected include the node between each 
pair of coupled resistors of string 362 and the node 365 at the end of the final resistor RL2'^"'^^'-2 
of string 362. For instance, the first shunt switch SLo is coupled between node 363 and a node 372 
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of String 362 between first resistor RLo and second resistor RLi. The last shunt switch SL2^^""^^^.2 
is coupled between node 363 and node 365, which is a point of connection of the last resistor 
jy^2[(n-i)/2] ^ to a second end of first resistor Ro of elemental resistor string 364. Thus, each of shunt 
switches SLo-SL2^^""^^^l2 is coupled in parallel with a portion of string 362. 
[0095] Shunt switches SLo-SL2'^"*^^l2 are each coupled so that an associated portion of string 362 
may be bypassed, i.e., removed fi:'om the series resistance between terminals 102 and 104. In 
particular, dummy structure 358 and any resistors between the respective node on string 362 to 
which the respective shunt switch SLo-SL2^^"''^l2 is connected and node 363 are bypassed when 
the shunt switch is on. For instance, shunt switch SLq is coupled so that resistor RLo and dummy 
structure 358 are bypassed if switch SLo is on, but are in series with the other resistors between 
terminals 102 and 104 if shunt switch SLo is off. Likewise, shunt switch SLi is coupled so that 
resistor RLo, dummy structure 358, and resistor RLi are bypassed if switch SLi is on, but are in 
series with the other resistors between terminals 102 and 104 if switch SLi is off. As a final 
example, the last shunt switch SL2^^""^^^l2 is coupled so that all of the resistors RLo-RL2'^""^^^^.2 and 
dummy structure 358 of string 362 are bypassed if the shunt switch SL2^^""^^l2 is on, but are in 
series with the other resistors between terminals 102 and 104 if the shunt switch SL2'^"''^^'-2 is off. 
[00961 During the operation of digital potentiometer 350, all of shunt switches SLo-SL2^^""'^l2 
may be on, all may be off, or some may be on and some may be off Each of shunt switches SLq- 
SLa^^""^^^^^ maybe implemented as one or more transistors, and operated by control signals 
provided by switch control logic block 228 via an associated buffer 226 and lines 369 and 227. 
[0097] As mentioned, string 362 is a mirror image, identical in resistance and components, as 
string 360. Likewise, the second set of shunt switches SLo-SL2^^"*^^^^l2 associated with string 362 
is a mirror image of the first set of shunt switches SHo-SH2^^""^^^l2 associated with string 360. 
[0098] During operation of digital potentiometer 350, shunt switches SLo-SL2^^"'^^^l2 and SHq- 
SH^^^^'^^^^i are operated m a coordinated, inverse complimentary fashion so that a constant 
niraiber of resistors equal to half of the combined nmnber of resistors of strings 360 and 362 
remain in series with the other resistors between terminals 102 and 104, and the other half of the 
combined number of resistors of strings 360 and 362 are bypassed, at the completion of a 
switching operation. For example, all of shunt switches SHo-SH2^^"'^^l2 may be on, bypassing all 
of string 360, in which case all of shunt switches SLo-SL2^^"'^^^l2 will be off, so that all of string 
362 remains in series with the other resistances between terminals 102 and 104. Conversely, all of 
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shunt switches SLo-SL2^^""^^^l2 niay be on, bypassing all of string 362, in which case all of shunt 
switches SHo-SH2^^""^^l2 will be off, so that all of string 360 remains in series with the other 
resistances between terminals 102 and 104. Where some but not all of the shunt switches SHo- 
SH2^^""^^^'.2 are on, an equal number of shunt switches SLo-SL2^^"''^^^.2 will be off, and vice versa. 
However, the shunt switches of the first set of shunt switches SHo-SH2^^"'^^l2 are operated in a 
inverted order with respect to those of the second set of shunt switches SLo-SL2^^"'^^^l2, i.e., the 
first shunt switch SHo of the first set of shunt switches SHo-SH2^^"''^l2 is operated in a 
complementary manner to the last shunt switch SL2'^""^^'.2 of the second set of shunt switches 
SLo-SL2^^""^^^l2- Similarly, the second shunt switch SHi of the first set of shunt switches SHq- 
gjj^[(n-i)/2] ^ is operated complementarily to the next to last shunt switch SLi^^^'^^'^^i of the second 
set of shunt switches SLo-SL2^^"*^^^l2. Similarly, the last shunt switch SH2^^""^^^^".2 of the first set 
of shunt switches SHo-SH2^^"'^^''^l2 is operated complementarily to the first shunt switch SLo of the 
second set of shunt switches SLo-SL2^^"'^^^^-2, and so on. In other words, when a subset of the first 
set of shunt switches SHo-SH2'^"'^^^l2 is switched on, so as to bypass a portion of string 360, then 
an inverse corresponding subset of the second set of shunt switches SLo-SL2'^""*^^^-2 are switched 
off, so as to leave an inverse portion of string 362 in series with the other resistors between end 
terminals 102 and 104. In this manner, a constant resistance is maintained between end terminals 
102 and 104 due to strings 360 and 362 before and after a given switching operation to implement 
a newly input n-bit wiper address. 

[0099] For example, in a situation where some of the shunt switches SHo-SH2^^"'^^^^l2 are on, and 
some are off, the on shunt switches are a contiguous set beginning with shunt switch SHo, and the 
off shunt switches are a contiguous set beginnmg with the next shunt switch after the last on shunt 
switch and extending through the last shunt switch SH2'^"'^^^l2. At the same time, the number of 
shunt switches SLo-SL2'^""^^^'.2 that are off will equal the number of shunt switches SHo-SH2^^""^^^l 
2 that are on, and the nxmiber of shimt switches SLo-SL2^^"*^^l2 that are on will equal the number 
of shunt switches SHo-SH2f^""*^l2 that are off; however, the off shunt switches of shunt switches 
SLo-SL2^^""^^^^.2 are contiguous set beginning at last shunt switch SL2^^"'^^^^.2 and the on shunt 
switches of shunt switches SLo-SL2^^"'*^^^l2 are a continuous set beginning with the next shunt 
switch after the last off shunt switch and extending through first shunt switch SLq. 
[0100] To ensure complementary operation of shunt switches SHo-SH2^^""^^^^.2 versus shunt 
switches SLo-SL2'^"'*^^l2j the switch control logic block 228 may provide the buffer 226 associated 
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with shunt switches SLo-SL2^^"^^^2 with a control signal that is complimentary to that provided to 
the buffer 226 associated with shunt switches SHo-SH2^^"'^^^l2. Alternatively, shunt switches SHo- 
SHjK"-^^^)] ^ and shunt switches SLo-SL2f^"'^^l2 may be of opposite types, so that a same control 
signal provided to shunt switches SHo-SH2f^""^^l2 and shunt switches SLo- SL2^^"'*^^^^-2 via lines 
367 and 369, respectively, will provide the desired complimentary configurations. 
[0101] Bulk resistor Rb 302 is coupled between end node 357 of string 360 and terminal 102. 
Shunt switching device 3 10 is coupled in parallel with bulk resistor Rb 302 between node 357 and 
end terminal 102. When switching device 3 10 is on, bulk resistor Rb 302 is bypassed. When 
switching device 310 is off, bulk resistor bulk resistor Rb 302 is in series with other resistors 
between terminals 102 and 104. 

[0102] Bulk resistor Re 304 is coupled between end node 363 of string 362 and terminal 104. 
Switching device 312 is coupled in parallel with bulk resistor Rb 304 between node 363 and end 
terminal 104. When switching device 312 is on, bulk resistor Rb 304 is bypassed. When 
switching device 312 is off, bulk resistor Rb 304 is in series with other resistors between terminals 
102 and 104. 

[0103] The resistance of each of bulk resistors Rb 302 and Rb 304 is 2""^ times the resistance of 
one of the elemental resistors Ro-R2^"^'-2, or one elemental resistor value greater than the combined 
resistance of string 364 and one of strings 360 and 362. 

[0104] Shunt switches 310 and 312 are operated by switch control logic block 228 in a 
complementary fashion, such that when switching device 310 is on, switching device 312 is off, 
and vice versa. Accordingly, only one of bulk resistors 310 and 312 remains in series between 
terminals 102 and 104 after any given switching sequence. To ensure complementary operation of 
switching devices 310 and 312, the switch control logic block 228 may provide switching device 
312 with a control signal complimentary to that provided to switching device 310. Alternatively, 
switching devices 310 and 312 may be of opposite types, so that the same control signal provided 
to switching devices 310 and 312 will provide the complimentary configurations. Ahematively, 
the respective buffer 226 may provide switching devices 310 and 312 with a pair of 
complementary signals based on an input signal fi-om switch control logic block 228. 
[0105] In one embodiment, the switch control logic block 228 may control the wiper switches Sq- 
Si^'^^ljy shunt switches SHo-SH2^^"'*^^^.2 and SLo-SL2f^""'^^l2, and switching devices 310 and 312 
using different subportions of an input n-bit wiper address. For instance, switch control logic 
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block 228 may use the MSB of the input n-bit wiper address to control switching devices 310 and 
312. Switch control logic block 228 may use the next lesser intermediate [(n-l)/2] bits of the n-bit 
wiper address below the MSB to control shunt switches SHo-SHa'^^'^^li and SLo-SL2^^""^^^l2. 
Finally, switch control logic block 228 may use the remaining, lesser bits [n/2] of the n-bit wiper 
address to control wiper switches So-S2^"^^li. An equation for the apportionment of the n-bit wiper 
address amongst the three stages of digital potentiometer 350 is set forth in Equation 1 below, 

Equation 1 « = [w/2] + [(«-l)/2] + l 

where n is the number of bits in the wiper address, [n/2] is the number of bits used for controlling 
wiper switches So-S2^"^^^-i, [(n-l)/2] is the number of bits used for controlling shunt switches SHq- 
SH2^^""*^^l2 and SLo-SL2^^"'^^^^l2, and the remaining one bit, i.e., the MSB, is used for controlling 
switching devices 310 and 312. 

[0106] Practitioners will appreciate that digital potentiometer 350 significantly reduces the 
number of components necessary to implement the same number of wiper positions as the 
conventional digital potentiometer of FIG. 1. Rather than requiring the 2"-l elemental resistors 
and T wiper switches of digital potentiometer 100, digital potentiometer 350 requires only: (1) 
one string 364 of 2^"^^^-l elemental resistors Ro-R2^"^^-2; (2) 2^"^^^ wiper switches So-S2^"^^li; (3) two 
strings 360, 362 of 2^^"'^^^^^! intermediate-resistance resistors RHo-RH2^^""^^^l2 and RLo- 
RL2^^^"^^^^l2» with each resistor having a resistance value equal to 2^^^^^ times the resistance of one 
of the elemental resistors; (4) two sets of 2"""^^^'-l shunt switches SHo-SH2^^""^^^^^.2 and SLo- 
gj^^[(n-i)/2] ^. i^g^ resistance bulk resistors Kb 302 and Rb 304 each having a resistance 

value of 2"'^ times one of the elemental resistors; (6) two switching devices 310 and 312 each 
operable to bypass the associated one of the bulk resistors Rb 302 and Rb 304; and (7) two dummy 
structures 356 and 358. 

[0107] As an example, assume that digital potentiometer 350 has 256 wiper positions accessed 
using an eight bit (n=8) wiper address. In such a case, the configuration of digital potentiometer 
350 would include: (1) fifteen elemental resistors Ro-R2^"^^l2; (2) sixteen wiper switches So- 
S2^"^^^.i; (3) seven intermediate-resistance resistors RHo-RH2^^"'*^^.2 each having a resistance value 
approximately sixteen times the resistance of one of the elemental resistors Ro-R2^"'^^^-2; (4) seven 
shunt switches SHo-SH2^^""*^l2; (5) seven intennediate-resistance resistors RLo-RL2'^""'^l2 each 
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having a resistance value approximately sixteen times the resistance of one of the elemental 
resistors Ro-R2^'^l!; (6) seven shunt switches SLo-SL2^^"'^^^l2; (7) one bulk resistor Rb 302 having 
a resistance value approximately 128 times one of the elemental resistors; (8) one switching device 
310; (9) one bulk resistor Rb 304 having a resistance value approxunately 128 times one of the 
elemental resistors; (10) one switching device 312; and (1 1) two dummy structures 356 and 358. 
In other words, there are 31 resistors, 32 switches, and two dummy structures, which in one 
embodiment may each include one further resistor and one further switch, for a total of 33 
resistors and 34 switches. This amounts to a significant reduction (approximately 80%) in the 
number of components necessary to implement the same number of wiper positions (256) as 
provided by conventional digital potentiometer 100 of FIG. 1. 

[0108] As mentioned, switch logic control block 228 may use different portions of an input n-bit 
wiper address for controlling the wiper switches So-S2^"^^li, shunt switches SHo-SH2^^"'^^^l2 and 
SLo-SL2^^""^^^l2, and switching devices 310 and 312. Where, continuing with the above example, 
an eight bit wiper address (n=8) is used, switch control logic block 228 of digital potentiometer 
350 may use: (1) the MSB (bit 7) of an eight bit wiper address to control SAvitching devices 310 
and 312; (2) the next lesser three bits (bits 6-4) to control shunt switches SHo-SH2'^'*"^^^l2 and SLo- 
gj^^[(n-i)/2] ^. ^YiQ remaining lesser four bits (bits 3-0) to control wiper switches So-S2^"^^^.i. 

[0109] As mentioned above, dummy structures 356 and 358 are provided in strings 360 and 362, 
respectively, of digital potentiometer 350. In particular, dunrniy structure 356 is coupled to and 
between end node 357 and first resistor RHo of string 360. Dummy structure 358 is coupled to 
and between end node 363 and first resistor RLo of string 362, 

[0110] In one embodiment, dummy structures 356 and 358 each contain a resistor in parallel with 
a permanently "on" switch built like one of shunt switches SHo-SH2^^""*^l2 and SLo-SL2'^"'*^l2. 
The resistor value and the switch characteristics of the dummy structure 356, 358 provide a 
constant equivalent resistance of the parasitical series resistor of the whole stage. For instance, 
dummy structures 356 and 358 may serve to compensate for the on-resistance of shunt switches 
SHo-SH2^^""^^^^l2 and SLo-SL2^^"'^^^l2, respectively, which, if not compensated for, could cause 
non-linear performance after every 2^"^^^ position of the wiper address range of multi-stage digital 
potentiometer 350. Obviously, the closer shunt switches SHo-SH2^^"'^^^l2 and SLo-SL2^^"'^^^l2 
come to an ideal short, the lesser the need for dummy structures 356 and 358. If non-linearity is 
not a significant concern, then dummy structures 356, 358 may be omitted. 
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[0111] The function and structure of dummy structures 356 and 358 may be understood by resort 
to FIG. 5, which shows a portion of a shunted resistor structure 400. Only three resistors 402, 404, 
and 406 of resistor string 401 are shown for the simplicity of the figure, but there may be any 
number of shunted resistors. Initially, assume that each of resistors 402, 404, and 406 has the 
same resistance, R. Three identical shunt switches 408, 410, and 412 are coupled between an end 
node 414 of resistor string 401 and an internal node of resistor string 401 . In particular, shunt 
switch 408 has a first terminal coupled to end node 414 and a second terminal coupled between 
resistors 402 and 404; shunt switch 410 has a first terminal coupled to end node 414 and a second 
terminal coupled between resistors 404 and 406; and shunt switch 412 has a first terminal coupled 
to end node 414 and a second terminal coupled between resistors 402 and a next resistor (not 
shown) of the resistor string 401 (or an end node of the resistor string 401), Each of shunt 
switches 408, 410, and 412 has an identical on-resistance, RS. When shunt switch 408 is on, 
resistor 402 is bypassed. When shunt switch 410 is on too, resistors 402 and 404 are bypassed. 
Finally, when shunt switch 412 is also on, resistors 402, 404, and 406 are bypassed. 
[0112] In operation, in order to obtain good relative linearity of the resistance string 401, the 
bypassed zone of string 401 should have the same equivalent resistance regardless of which shunt 
switch 408, 410, and 412 is on. Accordingly, the following relation appUes, where "||" means in 
parallel, 

RS408 II R402 = RS410 II (R404 + RS408 II R402) = RS412 II (R406 + RS410 II (R404 + RS408 II R402)) 

= RSn||(Rn+RSn.l || (..•)...) 

[0113] From these relations it can be seen that the first switch 408 should be permanently on. So, 
the first group, R402 1| R408, in the FIG. 5 structure should be a dummy structure that includes a 
resistor in parallel with a permanently "on" shunt switch built like shimt switches 410 and 412. 
(01141 A possibility to decrease fiirther the built-in non-linearity error inherent in the multistage 
shunted architecture depicted in FIG. 5 is to modify the shunt resistor connected in parallel with 
the permanently-on dummy switch in accordance with the following equation; 

Equation 2 R^^^ = ^^-^ 
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where R is the resistance of resistors 404 and 406 and RS is the on-resistance of the shunt switches 
408, 410, and 412. These calculations are made ignoring the dependence of the switch on- 
resistance versus the supply voltage and reference voltages Vref+ and Vref- The above values 
could be obtained when the to reference voltages Vref+ and Vref. values are Vcc and ground, 
respectively, because all switches are working at the supply limits and their equivalent on- 
resistance is ahnost the same. 

[0115] Therefore, with respect to digital potentiometer 350 of FIG. 4, dummy structures 356 and 
358 each include a resistor in parallel with a permanently-on shunt switch built like shunt switches 
SHo-SH2^^""^^^l2 and SLo-SL2^^"'^^^^.2. Further, the resistance of the dummy resistor of dummy 
structures 356 and 358 may be calculated according to Equation 2 above, where R is equal to the 
resistance of one of the intermediate-resistance resistors RHo-RH2^^""^^^l2 and RLo-RL2^^"'^^^l2, and 
RS is the on-resistance of the shunt switches SHo-SH2'^""^^^^l2 and SLo-SL2f^"'^^^l2. Alternatively, 
the value of the resistor of dummy structures 356, 358 may be the same as the resistance of one of 
resistors RHo-RH2^^""^^^l2 and RLo-RLz^^^'^^la. 

[0116] Readers will appreciate that the switching sequences and algorithms employed in digital 
potentiometer 350, such as whether MBB, BBM, or combinations of MBB and BBM sequences 
are used, can vary, depending on the application, as discussed above with respect to digital 
potentiometer 200. 

[0117] The following examples are provided to illustrate the operation of digital potentiometer 
350 of FIG. 4. 

EXAMPLE 5 

[0118] In this example, digital potentiometer 350 will start at a lowest output voltage position, 
e.g., with an output voltage Vw at the wiper terminal 106 equal to reference voltage Vref. (e.g., 
ground), and will incrementally increase the output voltage Vw to a highest output voltage 
position, e.g., with an output voltage Vw at the wiper terminal 106 equal to reference voltage Vref+ 
(e.g., 5 V). For ease of explanation, switch configurations are discussed in terms of their states 
**before" and "after" the switching operation, and not in terms of their states during the switching 
operation. 

[0119] At the lowest output voltage position, digital potentiometer 350 has a configuration with: 
(1) switching device 312 on so as to bypass bulk resistor Rb 304 and connect the end node 363 to 
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end terminal 104, which is coupled to the low reference voltage VREF-; (2) shunt switches SLq- 
5[L^[(n-iy2]^ are all on as to bypass all of the resistors of string 362; (3) wiper switch So is on so that 
string 364 is tapped between node 365 and resistor Ro, and the other wiper switches Si-S2'"^^.i are 
off; (4) shunt switches SHo-SH2^^""^^^ -2 are all off, complementary to shunt switches SLo- 
SL2^^""^^'.2, thereby placing string 360 in series with string 364 between terminals 102 and 104; 
and (5) the switching device 310 off so that bulk resistor Rb 302 is coupled between end node 357 
and terminal 102, which is coupled to the high reference voltage Vref+, and in series with strings 
360 and 364. 

[0120] From this lowest output voltage position, the output voltage Vw at wiper terminal 106 may 
be incrementally increased by providing successive input signals 230 with incremented wiper 
addresses. In response, switch control logic block 228 increments the identity of the single tumed- 
on-one of the wiper switches from switch So to switch Si, from switch Si to switch S2, and so on 
through last wiper switch 82^"^^^ -i, while leaving switching device 310 off, switching device 312 
on, all of shunt switches SLo-SL2'^""^^^l2 on, and all of shunt switches SHo-SH2'^"**^^l2off. For 
instance, when switch Si is turned on, the output voltage Vw at the wiper terminal 106 is a function 
of the resistance of resistor Rq. When last switch S2^'^^'-i is turned on, the output voltage Vw at the 
wiper terminal 106 is a function of the sum of the resistance of all of resistors Ro-R2^"^^^-2 of string 
364. 

[0121] To further increment the output voltage Vw beyond that associated with the sum of 
resistors Ro-R2^"^^^-2 of string 364, a process is begun of changing the configurations of the shunt 
switches SHo-SH2^^""^^^^"-2 and SLo-SL2f^"'^^^^l2 in a coordinated, inverse complementary fashion. 
In particular, one resistor of string 362 beginning at node 365 is put in series with the other 
resistance values between end terminals 102 and 104, and one resistor of string 360 beginning at 
node 357 is bypassed. Hence, the configuration of digital potentiometer 350 is mitially changed 
so that: (1) last shunt switch SL2^^"''^^l2 of the second set of shunt switches SI^-SL2f^""'^^l2 is off, 
thereby putting the last resistor RL2^^""'^l2 of string 362 in series between terminals 102 and 104; 
(2) shunt switch SHo is on, bypassing resistor RHo and dummy structure 356; (3) the remaining 
shunt switches SLo-SL2^^"'^^^'.3 of the second set of shunt switches remain on and shunt switches 
SHi-SH2^^"'^^^l2 of the first set of shunt switches remain off; (4) switching device 312 remains on 
and switching device 310 remains off; and (5) wiper switch So alone is on. Accordingly, the 
output voltage Vw at the wiper terminal 106 is a function of the resistance of resistor RL2^^"*^^l2. 
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As mentioned, the resistance of one of the intermediate-resistance resistors RLo-RL2^^"'^^^.2 is 2'"^^ 
times the resistance of one of the 2^"^^^-! elemental resistors Ro-R2^^'-2 of string 364, or one 
elemental resistance greater than the combined resistance of elemental resistors Ro-R2^"^^^-2 of 
string 364. Hence, an increment of one elemental resistance value is accomplished by this 
configuration, resulting in a corresponding increment in the output voltage Vw at the wiper 
terminal 106 by one voltage unit. 

[0122] Fxirther increments in the output voltage Vw may then be obtained by incrementing the 
single-tumed-on-one of the wiper switches So-Sa^"^^'-! xmtil the last wiper switch S2'"^li is the 
single tumed-on-one of the wiper switches. At such point, the output voltage Vw at wiper 
terminal 106 is a function of the resistance of resistor RL2^^"'^^^^l2 and all of the elemental resistors 
Ro-R2^"% of string 364. 

[0123] To further increment the output voltage Vw beyond that associated with resistor RL2^^"'*^^^l 
2 and string 364, the configurations of the sets of shunt switches SHo-SH2^^"'^^''^l2 and SLq- 
gj^^[(n-i)/2] ^ must again be changed in an inverse, complementary fashion. This time, the 
configuration of digital potentiometer 350 is changed so that: (1) the next to last and last shunt 
sv/itches SL2^^""*^l3 and SL2'^"'^^^'.2, respectively, of the second set of shunt switches SLo- 
SLjtt^-^y^l.j are off, thereby putting the last two resistors RL2'^"'^^l3 and RL2^^""^^^^.2 of string 362 
in series with the other resistances between terminals 102 and 104; (2) shunt switches SHq and 
SHi are on, bypassing resistors RHq and RHi and dunmiy structure 356 of string 360; (3) the 
remaining shunt switches SLo-SL2^^"'^^^U of the second set of shunt switches remain on and the 
remaining shunt switches SH2-SH2^^"'^^^^^.2 of the first set of shunt switches remain off; (4) 
switching device 312 remains on and switching device 310 remains off; and (5) wiper switch So 
alone among the wiper switches is on. Accordingly, the output voltage Vw at the wiper terminal 
106 is a fimction of the combined resistance of resistors RLa^^^'^^^s and RL2^^""^^^^-2 of string 362, 
which is one elemental resistance value greater than the combined resistance of the prior 
configuration of last resistor RL2^^""^^^'.2 of string 362 and all of elemental resistor string 364. 
[0124] Further increments in the output voltage Vw may then be obtained by sequentially 
repeating the processes of incrementing the single-turned one of wiper switches So-S2^"^^^-i, 
decrementing the tumed-off ones of shunt switches SLo-SL2^^"*^^^l2 , and complimentarily 
incrementing the tumed-on ones of shunt switches SHo-SH2^^""^^^^ -2, as described above. 
Ultimately, a configuration will be reached at the middle of the resistance range of digital 
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potentiometer 350 where switching device 312 is on, switching device 310 is off, all of shunt 
switches SLo-SL2^^""^^l2 are off, all of shunt switches SHo-SH2f^""^^l2 are on, and the last wiper 
switch 82^"^^-! is the single tumed-on-one of the wiper switches wiper switches So-S2^"^li. At such 
a point, the voltage at the wiper terminal 106 is a function of the combined resistance of all of the 
resistors of strings 362 and 364. 

[0125] To further increment the output voltage Vw at wiper terminal 106 beyond that associated 
with strings 362 and 364, a process of changing the configurations of switching devices 310 and 
312 in a complementary fashion is begun, similar to that described above for digital potentiometer 
300 of FIG. 3. In particular, the configuration of digital potentiometer 350 is changed so that: (1) 
switching device 312 is off, so that bulk resistor Rb 304 is in series with the other resistors 
between terminals 102 and 104; (2) switching device 310 is on, so that bulk resistor Rb 302 is 
bypassed; (3) all of shunt switches SLo-SL2^^""^^''^l2 are on, so that string 362 is bypassed; (4) all of 
shunt switches SHo-SH2^^"'^^^l2 are off, so that string 360 is in series with the other resistors 
between terminals 102 and 104; and (4) the first wiper switch So is the single tumed-on-one of the 
wiper switches So-S2^"^^li. Accordingly, the output voltage Vw at the wiper terminal 106 is a 
function of the resistance of only bulk resistor Rb 304. Since bulk resistor Rb 304 has a resistance 
of 2"'' times one of the elemental resistors of string 364, or one elemental resistance value greater 
than the combined resistance of all of the resistors of strings 362 and 364, switching to this 
configuration increments the output voltage Vw at the wiper terminal 106 by one voltage unit. 
[0126] Further increments in the output vohage Vw beyond that associated with bulk resistor Rb 
304 may then be obtained by sequentially repeating the processes of incrementing the single- 
turned one of wiper switches So-S2^"^^^-u decrementing the tumed-off ones of shunt switches SLq- 
SL2^^"'^^^^l2, and complimentarily incrementing the tumed-on ones of shunt switches SHo- 
SH2^^"'^^^l25 as described above. Ultimately, a configuration is reached where the output voltage 
Vw at wiper terminal 106 is a maximum, at which point the configuration of digital potentiometer 
350 is: (1) switching device 312 is off, so that bulk resistor Rb 304 is in series with the other 
resistors between terminals 102 and 104; (2) switching device 310 is on, so that bulk resistor Rb 
302 is bypassed; (3) all of shunt switches SLo-SL2'^""*^^l2 are off, so that string 362 is in series 
between terminals 102 and 104; (4) all of shunt switches SHo-SH2^^"'^^^^l2 are on, so that string 360 
is bypassed; and (5) the last wiper switch S2^"^^^.i is the single tumed-on-one of the wiper switches 
So-S2^"^^li. Accordingly, the output voltage Vw at the wiper terminal 106 is a function of the 
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combined resistance of bulk resistor Rb 304 and strings 362 and 364. The switching sequences 
used may vary. 

EXAMPLE 6 

[0127] In this example, digital potentiometer 350 will start at a particular output voltage position, 
and will change to another output voltage position in a non-incremental fashion. Assume an initial 
configuration in the lower half of the resistance range of digital potentiometer 350 where: (1) the 
switching device 3 10 is off, so that bulk resistor Rb 302 is in series with the other resistors 
between terminals 102 and 104; (2) switching device 312 is on, so that bulk resistor Rb 304 is 
bypassed and end node 363 is coupled to terminal 104; (3) last shunt switch SLj^^^'^^^^^i of the 
second set of shunt switches SLo-SL2^^""^^^^l2 is off and the remaining shunt switches SLq- 
gj^^[(n-i)/2] ^ are on, so that last resistor RL2^^""^^^l2 of string 362 is in series with the other 
resistances between terminals 102 and 104 and the remaining resistors RLo-RLi'^^'^^^ls and 
dummy structure 358 are bypassed; (4) shunt switch SHo of the first set of shunt switches SHq- 
gfj^K""'^^] and is on and the remaining shunt switches SHi-SH2^^"'*^l2 arc off, so that resistor 
RHo and dummy structure 356 of string 360 are bypassed and the remaining resistors RHi- 
RH2'^"'^'^^l2 are in series with the other resistances between terminals 102 and 104; and (5) wiper 
switch S2 is the single tumed-on-one of the wiper switches 80-82^"^^^.!. Accordingly, the output 
voltage Vw at the wiper terminal 106 would be a function of the last resistor RL2^^""^^^l2 of string 
362 and elemental resistors Ro and Ri . 

[0128] Assume that an input signal 230 including an n-bit wiper address is then received by 
switch control logic block 228 that requires an increase in the output voltage Vw at the wiper 
terminal 106 to a level in the upper half of the resistance range of digital potentiometer 350, e.g., 
to a level corresponding to the resistance of bulk resistor RB 304, all but one resistor of string 362, 
and all of string 364. 

[01291 To implement such an output voltage V^, switch control logic 228 would change the 
configuration of digital potentiometer 350 so that: (1) the switching device 312 is off, so that bulk 
resistor Rb 304 is in series with the other resistors between terminals 102 and 104; (2) switching 
device 310 is on, so that bulk resistor Rb 302 is bypassed and end node 357 is effectively coupled 
to terminal 102; (3) shunt switch SLo alone of the second set of shunt switches SLo-SL2^^"'^^^-2 is 
on and the remaining shunt switches SLi-SL2'^""*^^l2 are off, so that resistor RLo and dunmiy 
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Structure 358 of string 362 are bypassed and resistors RLi-RL2'^""^^l2 are in series with the other 
resistances between terminals 102 and 104; (4) shunt switches SHo-SH2^^""^^^'-2 the first set of 
shunt switches SHo-SH2^^"'^^'-2 is are on so that resistors RLo-RL2""'^^^l3 of string 360 are 
bypassed and last shunt switch SH2^^"'*^^'.i is off so that the last resistor RH2^^""^^^l2 is in series 
with the other resistors between teminals 102 and 104; and (5) the last wiper switch S2^"^^.i is the 
single tumed-on-one of the wiper switches So-S2'"^^li. The sequence of the switching may vary as 
described above with respect to digital potentiometer 200. For instance, a BBM switching 
sequence may be used. 

[0130] FIG. 6 illustrates a digital potentiometer 450 in accordance with a fourth embodiment of 
the present invention. The digital potentiometer 450 is similar in certain respects with digital 
potentiometer 350 of FIG, 4, and includes many of the same reference numbers and features. 
[01311 Like digital potentiometer 350, digital potentiometer 450 includes: (1) one string 364 of 
2^"^^-l elemental resistors Ro-R2''^^'.2 in series; (2) 2^'"'^' wiper switches So-S2''^li; (3) two mirror 
image strings 360 and 362 of 2^^""'^^^! series intermediate-resistance resistors RHo-RH2^^"'*^^^.2 
and RLo-RL2^^"*^^l2, with each resistor having a resistance value equal to 2^"^^ times the resistance 
of one of the elemental resistors; (4) two mirror image sets of 2'^"*^^' shunt switches SHq- 
SH2'^""*^^'.2 and SLo-SL2^^"'^^''^^-2 associated with strings 360 and 362, respectively; (5) two large 
resistance bulk resistors Rb 302 and Kb 304 each having a resistance value of 2"'^ times one of the 
elemental resistors; (6) two switching devices 310 and 312 each operable to bypass an associated 
one of the bulk resistors Rb 302 and Rb 304; and (7) two dunmiy structures 356 and 358. 
However, digital potentiometer 450 includes two additional dummy structures and has a different 
arrangement of the structures between terminals 102 and 104. 

[0132] In particular, in digital potentiometer 450, bulk resistor Rb 302 is part of a bulk structure 
374 that is disposed between a first end of string 364 and string 360. Bulk structure 374 also 
includes a dummy structure 378 that is in series with bulk resistor Rb 302, and a switching device 
310. A first end of bulk resistor Rb 302 is coupled to last resistor RH2^^""^^^l2 of string 360 and 
last shunt switch SH2'^"''^^l2 at node 359. An opposite second end of bulk resistor Rb 302 is 
coupled to a first end of dummy structure 378. An opposite second end of dummy structure 378 is 
coupled to the last elemental resistor R2'"^^^.2 of string 364 and the last wiper switch Sz^^'^^-i at node 
382. Switching device 310 is coupled in parallel with the series of bulk resistor Rb 302 and 
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dummy structure 378 between nodes 359 and 382. Switching device 310 is operable to bypass 
bulk resistor Rb 302 and dummy structure 378 in response to a MSB-based input from switch 
control logic block 228 received via buffer 226 and lines 229 and 227. Dummy structure 378 
includes a permanently-on switch like switch 310, and a resistor whose resistance is calculated 
according to Equation 2 above. An end of dummy structure 356 of string 360 is coupled to 
terminal 102. Note that common node 357 of digital potentiometer 350 of FIG. 4 is subsumed into 
terminal 102 in digital potentiometer 450 of FIG. 6, as indicated by the notation "102(357)." 
[0133] Similarly, bulk resistor Rb 304 is part of a bulk structure 376 that is disposed between a 
second end of string 364 and string 362. Bulk structure 376 also includes a dummy structure 380 
in series with bulk resistor Rb 304, and a switching device 3 12. A first end of bulk resistor Rb 304 
is coupled to the last resistor RL2^^"'^^^l2 of string 362 and the last shunt switch SL2^^""^^^-2 at node 
365. An opposite second end of bulk resistor Ra 304 is coupled to a first end of dimimy structure 
380. An opposite second end of dummy structure 380 is coupled to the first elemental resistor Ro 
of string 364 and the first wiper switch So at node 384. Switching device 3 12 is coupled in 
parallel with the series of bulk resistor Rb 304 and dummy structure 380 between nodes 365 and 
384. Switching device 3 12 is operable to bypass bulk resistor Re 304 and dummy structure 380 in 
response to a MSB-based input fi^om switch control logic block 228 received via buffer 226 and 
lines 231 and 227. Dununy structure 380 includes a permanently-on switch like switch 312, and a 
resistor whose resistance is calculated according to Equation 2 above. An end of dummy structure 
358 of string 362 is coupled to terminal 104. Note that common node 363 of digital potentiometer 
350 of FIG. 4 is subsumed into terminal 104 in digital potentiometer 450 of FIG. 6, as indicated by 
the notation "104(363)." 

[0134] As with digital potentiometer 350 of FIG. 4, digital potentiometer 450 of FIG. 6 is 
symmetrical around elemental resistor string 364. Bulk structure 374 is a mirror image of bulk 
structure 376, string 360 is a mirror image of string 362, and the first set of shunt switches SHq- 
SH2[(n-iy2] ^ is a mirror image of the second set of shunt switches SLo-SL2^^"'*^^^l2. 
[0135] Digital potentiometer 450 operates in essentially the same way as digital potentiometer 
350. Accordingly, the above discussion of the operation of digital potentiometer 350, and 
Examples 5 and 6 above, are applicable to digital potentiometer 450, and are incorporated herein 
by reference. A minor difference is that switching device 310 of digital potentiometer 450 is 
operable to bypass both bulk resistor Re 302 and dununy structure 378 when switching device 310 



39 



I I 

CAT 12502-1 



PATENT 



is on, and switching device 312 is operable to bypass both bulk resistor Rb 304 and dummy 
structure 380 when switching device 312 is on. A BBM switching sequence may be used. 
[0136] By comparison to digital potentiometer 350, having a respective one of bulk structures 374 
and 376 coupled between each of the opposed ends of elemental resistor string 364, on the one 
hand, and strings 360 and 362, respectively, on the other, can provide improved linearity when 
switching between the lower and upper halves of the wiper address range. However, this 
improved performance is accomplished at least in part by the addition of two dunmiy structures 
378, 380, thus increasing the component count. 

[0137] Practitioners will appreciate that various alternative embodiments of the above-disclosed 
digital potentiometers are possible beyond the previously-discussed variation where the resistors 
are replaced with reactance devices or a combination of resistors and reactance devices. For 
instance, one alternative embodiment may combine the featiu^es of digital potentiometer 200 of 
FIG. 2 and digital potentiometer 350 of FIG. 4. In such an embodiment, the bulk resistor Rb 202 
and switching devices 208 and 210 of digital potentiometer 200 may be used in place of the pair of 
bulk resistors Rb 302 and 304 and the associated switching devices 310 and 312 of digital 
potentiometer 350. As another example, in an alternative embodiment, the dummy structures 356 
and 358 of digital potentiometer 350 of FIG. 4 may be added to digital potentiometer 300 of FIG. 
3 to enhance the linearity of digital potentiometer 300 for particular applications. The dummy 
structure 356 may be disposed between string 204 and bulk resistor Rb 302, or between bulk 
resistor Rb 302 and terminal 310, and dummy structure 358 may be placed in a corresponding 
manner with respect to bulk resistor Rb 304. Other embodiments are, of course, possible. 
[0138] The digital potentiometers of the present invention may be fabricated on a single integrated 
circuit, either individually or in combination with other analog and digital functions (circuits), and 
packaged in an integrated circuit package. Standard implementations for resistors, switches and 
other circuits fabricated on the integrated circuit may be used. Various semiconductor 
technologies, such as N-channel and P-channel metal oxide semiconductor (NMOS and PMOS), 
complementary metal oxide semiconductor (CMOS), bipolar, biCMOS, junction field effect 
transistor (JFET), insulated gate field effect transistor (IGFET) and the like, may be used to 
implement the digital potentiometer and other circuits of the integrated circuit. 
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[0139J The terms 'Viper switch," "shunt switch" and "switching device" are used broadly and are 
not Umited to a particular structural form. For instance, switching device 310 may have the same 
structure as shunt switch RHq. 

[0140] The term "between" is used broadly. For instance, in FIG. 3, resistor R\ of string 204 is 
between resistors Ro and R2, as well as between terminals 104 and 102. 
[0141] The above-described embodiments are merely illustrative and not Umiting. Various 
changes and modifications may be made to the exemplary embodiments herein without departing 
from the invention in its broader aspects. 
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